The aim of this study was to evaluate the biomass production and dairy wastewater treatment using Chlorella vulgaris. The results indicated that the maximum percentages of biochemical oxygen demand, chemical oxygen demand, suspended solids, total nitrogen, and total phosphorus removed were 85.61%, 80.62%, 29.10%, 85.47%, and 65.96%, respectively, in dairy effluent at 10 d. A maximum of 1.23 g/L dry biomass was obtained in 7 d. The biomass productivity was strongly influenced by the nutrient reduction in the dairy effluent. The biodiesel produced by the C. vulgaris in the dairy effluent was in good agreement with the American Society of Testing and Materials-D6751 and European Standards 14214 standards. Therefore, using dairy effluent for microalgal cultures could be a useful and practical strategy for an advanced, environmentally friendly treatment process.
Introduction
The total amount of raw milk production in the world in 2014 increased by 3.3% (approximately 802 million tons) compared to 2013 and therefore, dairy production (especially powdered milk and butter) also increased. According to the Organization for Economic Co-operation and Development (OECD) and Food and Agriculture Organization of the United Nations (FAO) in 2014, the consumption of dairy products had increased by approximately 110.7 kg per capita consumption in the world and dairy consumption is forecast to increase 13.7% by 2023, due to the increase in consumption in developing countries [1] . In recent years, the consumption of milk and the number of dairy industries has increased in Korea and therefore, dairy wastewater production in Korea is as high as 8% of the total wastewater [2] .
The dairy wastewater in Korea was produced mostly from liquid milk, milk products, and the detergent used for cleaning. The amount of dairy wastewater depended on the production and the specific water usage, and it was approximately 0.5-15 L of the waste per liter of the processed milk products [3] . The most important characteristics of the dairy wastewater were that it had a high organic matter content, a high protein content, a lower heavy metals content, it was non-toxic, and it was easily biodegradable [4] . However, despite its small amount, dairy wastewater from this industry may pose a serious risk to human beings, the environment, and aquatic life if it is not properly treated prior to consumption or disposal [5] . Therefore, the treatment and safe disposal of dairy wastewater has become an important aspect for the running of the dairy industry.
The dairy industry, like many others, is challenged with increasing costs for wastewater treatment and disposal. However, existed conventional water treatment systems are often loaded beyond design flows, causing inefficient operation which leads to an excessive financial burden that affects the company's bottom line [3, 5] . Therefore, currently, there are several methods and technologies used for the treatment of dairy wastewater, such as a sequencing batch reactor [6] , up-flow aerobic/anoxic sludge bed [7] , electrochemical treatment [8] , Membrane Bioreactor (MBR) [9] , and anaerobic treatment [10] , etc. For these methods, the most important criterion for selecting which treatment system to install are that it is flexible enough to overcome the constant fluctuations in the organic load and that it keeps the process economically viable [11] . These various methods have been reported to remove 73-98% of the nutrients in the dairy wastewater. After the dairy wastewater treatment, the biochemical oxygen demand (BOD), chemical oxygen demand (COD), and suspended solids (SS) of the treated dairy wastewater were significantly reduced by the methods noted above. However, the dairy effluent still contained nitrogen, phosphorus, and other nutrients. Many researchers have reported that 246-931 mg/L of COD, 80-180 mg/L of BOD, 10-34 mg/L of total nitrogen (TN), and 5-18 mg/L of total phosphorus (TP) remained from the 1,800-3,700 mg/L, 1,100-2,900 mg/L, 68-109 mg/L, and 14-27 mg/L initial concentrations of COD, BOD, TN, and TP, respectively [11, 12] .
Currently, many researchers have used various microalgae for dairy wastewater treatment in order to achieve both treatment of the dairy wastewater and biomass production. Due to the ability of microalgae to use both of these wastewater pollutants for their growth, microalgae are particularly useful for the reduction of the concentrations of inorganic nitrogen and phosphorus in wastewater [13, 14] . Microalgae cultures from wastewater can significantly contribute to the management of water ecosystems by providing an inexpensive, environmentally friendly system for wastewater treatment. Using dairy effluent for microalgal cultures is beneficial for minimizing the use of freshwater, reducing the cost of nutrient addition, removing the remaining nitrogen and phosphorus, and producing microalgal biomass as bioresources for biofuel or high-value by-products [12, 15, 16] . However, few studies exist regarding the potential use of microalgae for dairy wastewater treatment. Therefore, the objective of this study was to develop an efficient treatment for nutrients and the production of biomass in dairy wastewater effluent. A further objective of the present study was to develop a robust method for the economically efficient treatment of dairy effluent on a large scale with high yield using the least amount of chemicals possible.
Materials and Methods

Characteristics of the Dairy Wastewater Effluent
The dairy wastewater effluent was collected from Samyang Ltd., located in Gangneung city in Korea. This company produces large amounts (approximately 1,500 m 3 /d) of wastewater. The water quality characteristics of the dairy wastewater are summarized in Table 1 . The ratio of COD to BOD decreased from 1.52 in the influent to 1.35 in the effluent. The average pH was relatively low, determined to be 4.5 ± 1.4 for the influent tank and 6.2 ± 1.6 for the effluent tank. After dairy wastewater treatment by an anaerobic biofilm reactor, the BOD, COD, and SS were significantly reduced. However, the values for the dairy effluent remained at 134 mg/L of SS, 356 mg/L of COD, 264 mg/L of BOD, 28.9 of TN, and 9.4 of TP. Geider and Roche [17] recommended a 46.1:7.7:1 mass ratio of C:N:P for algal growth, whereas the dairy effluent wastewater we used in this study had a 37.9:3.0:1 mass ratio of C:N:P. The relatively lower values of C and N in comparison to the recommended mass ratio could be a positive effect for biomass productivity, as the stress of the N deficiency could increase the lipid content in the algal cells [18] . The microalgae could use the remaining nutrients in the dairy effluent for growth. This method had the advantage of both biomass production and nutrient removal in dairy wastewater. 
Experimental Design
In order to evaluate dairy wastewater effluent treatment by microalgae, to determine the microalgae's growth rate, and to monitor the reduction of the wastewater contaminants, the dairy wastewater was used as a culture medium for microalgae, C. vulgaris (KMMCC-143). C. vulgaris is a good source of ethanol due to its high starch content (~37% dry wt.) and up to 65% ethanol conversion efficiency [19] . For the seed culture, the C. vulgaris (FC-16) cells were cultivated in Jaworski's medium (JM) and prepared using deionized water under Light Emitting Diode (LED) lamps at ambient temperature. One liter of the JM medium cultured C. vulgaris was added into 10 L of the dairy wastewater effluent. The initial concentration of the inoculated microalgae C. vulgaris was 0.367 ± 0.6 g/L. The experiments were conducted at a neutral pH ( [20] . The samples were aerated continuously at an aeration rate of 0.5 L/min. CO 2 at the equivalent aeration rate of 0.02 vvm was used for cultivation. CO 2 with a flow rate of 0.74 L/min was introduced into the reactor.
Analytical Methods
The biomass was calculated based on the dried weight of the microalgae produced per liter of total volume (g/L). The dry cell weight of the microalgae biomass was determined using the following procedure: a 50 mL sample was removed once per day and was centrifuged at 628 g for 15 min. The centrifuged sample was washed twice with distilled water and was dried at 105˚C for 16 h. The biomass productivity,   , was defined using Eq. (1) as follows:
where   and   were the biomass concentrations at time  and at starting time   , respectively.
The algal biomass for lipid extraction was prepared by centrifugation and drying. After oven drying, the algae were pulverized and subjected to Soxhlet extraction. All of the Soxhlet extractions were performed for 72 h using 500 mL of solvent for every 1 g of pulverized dry algae, with a cycle time of 10-15 min. The lipid content did not reflect the exact amount of triacylglycerols (TAGs), because only triglycerides are used in the synthesis of biodiesel and other components are undesirable. The excess hexane was evaporated using rotary evaporation until the total volume reached 30-40 mL. The solutions were diluted to 50 mL and used to determine the TAG content. The amount of TAGs was determined using a Fourier transform infrared (FTIR) spectrometer Spectrum RX 1 (Perkin Elmer), according to the carbonyl stretching absorption at 1,740/cm [21] ; this amount was calculated for the dry algae (%, w/w).
The fatty acid composition of the algae oil was determined using the EN ISO 5508 and EN ISO 5509 standards. The analysis was performed with a Clarus 500 (Perkin Elmer) gas chromatograph. The conditions for analysis were as follows: capillary column Alltech AT-FAME (30 m -0.25 mm -0.25 μm) with an initial oven temperature of 210˚C maintained for 5 min and then increased by 20˚C/min from 210˚C to 230˚C, and then maintained at 230˚C for 12 min. Nitrogen was used as the carrier gas. The injector temperature was 250˚C. The fatty acids were identified by comparing their retention times with those of the standards.
The following characteristics of the biodiesel produced by transesterification of the C. vulgaris lipids were estimated: viscosity (η), cetane number (CN), flash point (Fp), cloud point (Cp), pour point (Pp), saponification value (Sv), iodine value (Iv), and heating value (Hv), as per the following empirical equations [12] :
where   is the weighted average of the number of carbon units in the FAMEs,   is the weighted average of the number of double bonds,   represents the total unsaturated FAME content (% weight),   is the percentage of each fatty acid,   is the molecular mass of the individual fatty acids,   is the number of double bonds, and    represents the molecular weight of the   component. The BOD, COD, TN, and TP were measured as indicated in the American Public Health Association [22] standard procedures. The experiments were performed five times, and then the mean values and the standard deviations were calculated.
Statistical Analysis
The data presented in the tables and figures are the mean values ± 3σ, from five replications, where σ is the standard deviation. If the error bars are not visible, this indicates that the errors were smaller than or equal to the symbols. The differences between the mean values were calculated using Tukey's test at the 0.05 level and using the Origin software (v.7.5, OriginLab, Northampton, MA, USA).
Results and Discussion
Production of Biomass
The efficiency of the dairy wastewater treatment by microalgae was directly or indirectly controlled by the microalgae's growth rate (depending on their metabolism and the availability of nutrients), on the operating conditions provided for the system under operation, and on the harvesting of the produced biomass for effective nutrient removal [12, 23] . Fig. 1 shows the biomass growth curves for the dairy effluent. The maximum biomass reached 1.23 dry weights per g/L in 7 d from an initial concentration of 0.367 g/L. The biomass in the dairy wastewater was slightly decreased after 7 d. The possible cause was that depending on nutrient consumption, the biomass concentration increased and the nutrient in the wastewater was consumed very rapidly. However, the biomass in the dairy effluent yielded 3.35-fold more than that of the initial concentration.
The growth of the microalgae varied according to the species of microalgae. Many researchers have reported different biomass productivity of microalgae in dairy wastewater. Lu et al. [16] reported that the maximum biomass productivity reached 0.26 g/L/d in the indoor pilot-scale-cultures and 0.11 g/L/d in the outdoor pilot-scale cultures by Chlorella sp. in raw dairy wastewater. Hena et al. [13] reported biomass productivity of 0.201 g/L/d for Chlorella saccharophila and 0.211 g/L/d for Scenedesmus sp. in untreated dairy farm wastewater. However, Seo et al. [24] obtained a very high maximum biomass productivity of 7.2 g/L/d for Cryptococcus curvatus in cheese whey under alkaline conditions. C. vulgaris produced relatively higher biomass in comparison to the other algal species, whereas the maximum biomass reached 1.23 dry weights per g/L in 7 d for C. vulgaris in this study. 
Nutrient Removal
The calculated BOD and COD reduction values using C. vulgaris were 85.61% and 80.62% (Fig. 2) , respectively, in the dairy effluent at 10 d. The BOD and COD concentrations remained at 38.0 and 69.02 mg/L from the initial concentrations of 264 and 356 mg/L, respectively, in the dairy effluent after 10 d. In addition, the reduction process of the BOD and COD in the dairy effluent increased during the first 7 d and then the reduction rate was not changed. The reduction in the SS obtained in the dairy wastewater using microalgae had significantly less reduction, which reached only 29.10%, in comparison to that of the BOD and COD. This result indicated that the microalgae were ineffective due to the small solid particles that remained in suspension in the dairy effluent as a colloid or due to the motion of the dairy effluent.
The maximum TN reduction in the dairy effluent by C. vulgaris was 85.47% in 10 d (Fig. 3) . Nitrogen could be reduced through assimilation by microalgae. The microalgae, C. vulgaris, were able to consume high concentrations of nitrate ions and, therefore, could help in the purification of dairy wastewater [25] . The results obtained for the TP removal showed that 65.96% was removed at an initial TP concentration of 9.40 mg/L. The microalgae consumed 18.51% more TN than TP. Many of the microalgae used more TN than TP for growth. Phosphorus uptake by algae is not always stoichiometric and can be affected by the algal physiology as well as the phosphorus concentration and its chemical forms, light intensity, pH, and temperature. There have been observations that showed that phosphorus uptake is inversely related to the internal phosphorus concentrations of the cell [26] . Therefore, the intracellular phosphorus concentrations could be a factor that controls the phosphorus uptake kinetics.
The major problem for most wastewaters is the high concentrations of nutrients, particularly the TN and TP concentrations, which require costly chemical-based treatments in order to remove them during wastewater treatment. The TN and TP concentrations can be found at values of 10-60 mg/L in municipal wastewater, more than 1,000 mg/L in agricultural effluent, and 500-600 mg/L in farm wastewater [27] . The ability of microalgae to effectively grow in nutrient-rich environments, and to efficiently consume nutrients and accumulate metals from the wastewater, make them an extremely attractive means for sustainable and low cost wastewater treatment [28] . The reduction of nutrients in the dairy effluent using microalgae achieved both the treatment of dairy wastewater and biomass production [13] . The dairy wastewater generated large volumes of highly polluted wastewater. Microalgal Chlorella usually performed a high level of nutrient pollutant removal and was efficiently utilized when the algal cells were cultured in dairy wastewater [27, 29] . Previous studies have evaluated the feasibility of Chlorella zofingiensis cultivation in dairy wastewater on a bench [31] . Rana [32] reported 78% COD reduction using C. vulgaris at 30°C during 48 h of contact. The wastewater treatment utilizing the algal-bacterial system [33] was capable of removing approximately 70-80% of the COD. A relatively low efficiency for COD removal in the range of 59.2% to 69.4% was reported by Wood et al. [34] with a high rate algal pond and using filamentous green algae in an artificial wetland.
In this study, a relatively low TP removal was obtained. However, a higher biomass (1.23 dry weight g/L) and nutrient removal were found in comparison to those in other studies, whereas the maximum nutrient removal efficiency was 80.62% of COD, 85.61% of BOD, 85.47% of TN, and 65.96% of TP in the dairy effluent. Therefore, the cultivation of microalgae in nutrient rich dairy wastewater makes it possible to recover nutrients through microalgae assimilation and to produce microalgae biomass economically. Nutrient removal efficiency of various reactors for dairy wastewater was represented in Table 2 . While making comparison with other commonly used removal process for dairy wastewater, it seems that microalgae have relatively lower removal efficiency. However, dairy wastewater treatment using microalgae has excellent advantage for producing microalgal biomass as bioresources for biofuel or high-value by-products. ) of determination is an important tool for determining the degree of linear-correlation of the variables in regression analysis [40] . In this experiment, correlation coefficients (R 2 ) of 0.9513, 0.9286, and 0.9038 were obtained for the BOD, COD, and SS, respectively (Fig. 4a) . The linear relationships between biomass productivity and the TN and TP in the dairy effluent are shown in Fig. 4b . In this experiment, relatively high correlation coefficients (R 2 ) of 0.964 for TN and 0.9631 for TP were obtained. The BOD, COD, SS, TN, and TP concentrations in the dairy effluent decreased with an increase in the biomass productivity. The biomass productivity was strongly influenced by the nutrient reduction in the dairy effluent.
Relationship between Biomass and Nutrient Reduction
Fatty Acid Profiles
The fatty acid methyl esters (FAMEs) produced by the C. vulgaris in the dairy effluent were analyzed using gas chromatography and the results are presented in Table 3 . The major products were C18:2 (mixture of linoleic acid), C18:1 (vaccenic acid), and C16:0 (palmitic acid). In addition, moderate amounts of C14:0 (mystric acid), C16:1 (palmitoleic acid), C18:0 (stearic acid), and C18:3 (linolenic acid) were found along with C17:0 (margaric acid), C20:0 (arachidic acid), C24:0 (lignoceric acid), C20:1 (gondoic acid), C22:1 (erucic acid), and C24:1 (nervonic acid) in trace amounts. The content of saturated fatty acids of the C. vulgaris was 22.65% and the amount of unsaturated fatty acids was 77.35%. Short-chain fatty acids (C14-C18), which are the primary components of biodiesel, made up the majority of the fatty acids in the C. vulgaris, and the long-chain fatty acids (C20-C22) existed in a lesser amount. The quality parameters of the biodiesel were influenced by the fatty acid composition of the oil. Compared to rapeseed oil, the algal oil was not as rich in polyunsaturated fatty acids. In addition, the content of the linolenic acid in the algae species corresponded to the requirements of the European Standards (EN) 14214, which states that the content of linolenic acid methyl ester in biodiesel fuel should not exceed 12%. Therefore, the biodiesel fuel produced from algae oil will likely meet the requirements for the linolenic acid methyl ester content.
The property value of the biodiesel in the dairy cultivated C. vulgaris is presented in Table 4 . By comparison to the American Society of Testing and Materials (ASTM) and the EN, the biodiesel produced from C. vulgaris in the dairy effluent was in good agreement with the ASTM-D6751 and EN 14214 standards. However, the viscosity of the biodiesel produced by the C. vulgaris was higher than that of the EN 14214 standards. In general, a high viscosity of biodiesel is responsible for a reduced flow property, high thickness, and engine damage. The cetane number indicates the ability of diesel fuel ignition. A higher cetane number of fuel causes shortened ignition delay, thereby reducing the occurrence of diesel knocking [41] . The cetane number in dairy effluent cultivated microalgae was obtained within the normal range. In addition, the pour point and cloud point were in agreement with that of a b Fig. 4 . The relationship between the biomass and the BOD, COD, and SS reduction (a), and the TN and TP reduction (b) in the dairy effluent.
the international standards. Therefore, these characterization results of the lipids and FAMEs produced by the C. vulgaris transesterification revealed excellent suitability for biodiesel applications.
Conclusions
In summary, the objective of this study was to develop an efficient treatment for nutrients and the production of biomass in dairy wastewater effluent. ) for the linear relationships of the biomass productivity, and the BOD, COD, SS, TN, and TP in the dairy effluent were determined to be 0.9513, 0.9286, 0.9038, 0.964, and 0.9631, respectively. The biomass productivity was strongly influenced by the nutrient reduction in the dairy effluent. The content of the saturated fatty acids of the C. vulgaris was 22.65% and the amount of unsaturated fatty acids was 77.35%. Short-chain fatty acids (C14-C18), which are the primary components of biodiesel, made up the majority of the fatty acids in the C. vulgaris, and the long-chain fatty acids (C20-C22) existed in a lesser amount. The quality parameters of the biodiesel were influenced by the fatty acid composition of the oil. The biodiesel resulting from C. vulgaris in the dairy effluent was in good agreement with the ASTM-D6751 and EN 14214 standards. Therefore, using dairy effluent for microalgal cultures could be useful and practical as an advanced environmentally friendly treatment process. 
